). The EPO gene-based association was driven by a single low-frequency missense variant (p.Asp70Asn/rs62483572), confirming the recent association of this variant with lower Hb 16 . Similarly, a single new variant (p.Asp534Asn/rs144091859) drove the FAM234A (better known as ITFG3) association. The HFE and G6PD associations were driven by population-specific common variants identified in previous GWAS that were included in the gene-based test because they are common in one population but absent in another and therefore averaged out to below the minor allele frequency (MAF) < 0.05 threshold for inclusion in the trans-ancestry analysis. Significant associations for ANK1, NLRC3, and HBS1L were supported by multiple rare variants (Supplementary Table 9a and Supplementary Note).
New replicated leukocyte associations
We discovered and replicated six new WBC trait-locus associations.
In the single-variant analysis, we identified a single missense variant in the type 4 sphingosine-1-phosphate receptor (S1PR4), p.Arg365Leu/ rs3746072, that was associated with lower total WBC counts (P = 1.5 × 10 −7 ) and lower neutrophil counts (P = 3.4 × 10 −7 ) ( Supplementary  Fig. 1 ). The association was consistent across cohorts ( Fig. 1 ) and validated in both replication samples (WHI European-American women, P = 0.001; Peking University-University of Michigan Study of Atherosclerosis (PUUMA) Han Chinese, P = 0.003; P meta (discovery + replication) = 5 × 10 −12 ) (Supplementary Table 7 ). The variant is rare (MAF meta = 0.006) and not in linkage disequilibrium (LD) with variants in the region (Supplementary Fig. 1 ). In both the discovery and replication analyses, p.Arg365Leu was the only variant contributing to the significant gene-based association. Neutrophil counts were approximately 10% lower in carriers of the minor allele for p.Arg365Leu (Fig. 2) . The p.Arg365Leu amino acid substitution is located in the intracellular cytoplasmic tail of S1PR 4 , is at a conserved site (GERP score of 3.94), and is predicted to be 'possibly damaging' by PolyPhen-2 (ref. 28) . Two missense variants were associated with lower monocyte count: a low-frequency p.Val60Ile variant in BTBD8 (rs34856868; European MAF = 0.03) and a common p.Gly39Val variant in NLRP12 (rs34436714; European MAF = 0.217). Three common intergenic variants included on the exome chip as GWAS index SNPs originally associated with non-leukocyte phenotypes were newly associated with WBC traits in our analysis. The common intergenic regulatory variant of HBS1L-MYB (previously associated with erythrocyte and platelet traits) was associated with total WBC count. Common noncoding SNPs in the regions of IL33 and IRF1 previously associated with asthma 29 and other allergic and autoimmune disorders [30] [31] [32] [33] were associated with eosinophil count.
Gene-based analyses identified an association between lowfrequency variation in the IL17RA locus and monocyte count (P = 6.4 × 10 −7 ). We confirmed the recently reported multivariant association between CXCR2 and lower neutrophil count; six of the nine rare CXCR2 missense variants in our analysis had P < 0.05, with the strongest associations from p.Arg153His (rs55799208; P = 2.4 × 10 −5 ) and p.Arg248Gln (rs61733609; P = 6.1 × 10 −5 ). Several additional single-variant and gene-based associations with WBC traits were observed in the African-American or Hispanic-American discovery sample but not in the larger European ancestry discovery sample. Three of these associations were driven by low-frequency (MAF = 0.01-0.05) variants in African Americans (IQCJ and SEC24D) or Hispanic Americans (SEC14L1) ( Table 1 and Supplementary  Tables 8 and 9b ). Further assessment in independent AfricanAmerican or Hispanic-American samples will be needed to validate these ancestry-specific associations. 
Characterization of variants in previously known GWAS loci
To evaluate whether variants identified in our analysis overlapped previously known GWAS results or whether we had identified independent associations, we conducted conditional analyses in the ARIC study, adjusting for previously known variants associated with erythrocyte and leukocyte traits in several regions overlapping the findings in this study (Supplementary Table 10 ). Specifically, we interrogated any variant that was rare (MAF <5%) and met study-wide significance (Supplementary Note).
We identified a new association between a low-frequency variant in ANK1 (p.Ala1462Val/rs34664882; European MAF = 0.029, African-American MAF = 0.015, and Hispanic-American MAF = 0.013) and MCHC that was independent of the original GWAS result (rs4737009; 1000 Genomes Project CEU (European) MAF = 0.27 and ARIC European-American MAF = 0.24). We also identified several low-frequency missense variants in the HBA1-HBA2 region on chromosome 16. The most prominent was an African-American-specific variant in ITFG3 (p.Asp534Asn) that was associated with several erythrocyte parameters (MCH, MCHC, MCV, and RBC count) and is independent of the common GWAS association (Supplementary Note). Significant associations with the same traits were also seen for rare variants in MRPL28, NARFL, RGS11, TMEM8A, and TPSD1 (Supplementary Note).
Expression quantitative trait locus analysis
We used expression quantitative trait locus (eQTL) analysis 34 to determine whether newly identified noncoding variants were associated with the expression of nearby genes across a range of tissue types (Supplementary Table 11 ). The most notable eQTL findings were in the FADS2 locus, which was associated with RBC count in our discovery analysis and reached a nominal significance level in the replication analysis (P = 0.02). In this region, FADS1, FADS2, and FADS3 all showed evidence of strong cis-eQTL association with the index SNP (rs1535) in multiple tissues, including for FADS1 (minimum P = 8.0 × 10 −31 in CD19 + B cells) and FADS2 (minimum P = 3.0 × 10 −57 in blood lymphocytes). The S1PR4 variant encoding p.Arg365Leu did not demonstrate an association with the expression levels of S1PR4 or any nearby transcript (Supplementary Table 12 ).
Among the new and independently replicated loci, rs4895441 in the HBS1L-MYB locus showed the expected eQTL association with HBS1L expression in multiple tissues (minimum P = 3.1 × 10 −34 in aortic endothelial cells). In the SHROOM3 locus, rs131463 exhibited a weak eQTL association (P = 7.3 × 10 −6 ) with SHROOM3 transcript expression in subcutaneous adipose tissue. In the CEP89 locus, rs4805834 was associated with expression of SLC7A9 in multiple tissues (P = 1.9 × 10 −24 in whole blood). The IRF1 SNP, rs12521868, was associated with expression of IRF1 in multiple tissues (P = 1.4 × 10 −125 in whole blood).
Pleiotropy in the associated loci
In addition to pleiotropy of our new findings with known associations for kidney function (CEP89 and SHROOM3) and with dementia and dyslipidemia (APOE), we also identified variants with pleiotropy across multiple blood cell lineages, most notably for the HBSL1-MYB and SH2B3 loci, as well as other subthreshold associations (Supplementary Table 13 and Supplementary Note).
Confirmation of S1PR4 as a causal gene in model systems
The primary hypothesis of our exome chip study was that focused evaluation of coding variation would identify new genetic associations of rare variants with hematologic traits and that these variants would be more likely to be functionally relevant owing to the selection of variants for the exome chip. Our study yielded many new associations, in part because of coverage of noncoding variation included on the exome chip as follow-up for previous GWAS, as was the case for the four new RBC-associated loci we report here. The association of a rare missense variant in S1PR4 with total WBC and neutrophil counts was consistent with our a priori hypothesis, and we therefore undertook further follow-up studies of this gene's functional impact on neutrophil traits in model systems. showing staining for CD62L on S1pr4 +/+ neutrophils and S1pr4 −/− neutrophils, as well as staining with the corresponding isotype control. In b-d, f and g, the bars represent mean values (white, S1pr4 +/+ ; red, S1pr4 −/− ) and the circles represent individual mice. Student's t test, *P < 0.05, **P < 0.01; NS, not significant.
Using previously generated S1pr4-null mice 35 , we evaluated peripheral circulating blood neutrophil and monocyte counts, bone marrow neutrophil counts, and spleen neutrophil counts in S1pr4 −/− mice and S1pr4 +/+ littermates. We analyzed 12 mice in each genotype group (total n = 24 mice), with equal numbers of males and females in each group, and found that the mean percentage of total cells analyzed by FACS that were double positive for Gr-1 and CD11b, marking neutrophils, was 31% lower in S1pr4 −/− mice than in wild-type mice. We repeated the experiment in an additional 24 mice, again with 12 mice in each genotype group and equal numbers of males and females in each group, and saw a similar decrease. Across the 48 mice, both the percentage of WBCs that were neutrophils (28.0% decrease; P = 0.11) and the absolute neutrophil count (54.3% decrease; P = 0.03) were lower in S1pr4 −/− mice than in wild-type mice (Fig. 3, Supplementary Fig. 2 , and Supplementary Table 14) . To evaluate the effects on circulating monocyte counts, FACS analysis was conducted in the same samples and the mean percentage of total leukocytes analyzed by FACS that were Gr-1 − CD11b + was equivalent in the two mouse groups (6.36% in S1pr4 +/+ mice and 6.20% in S1pr4 −/− mice; P = 0.80; Supplementary  Figs. 3 and 4) . Because abnormalities in leukocyte bone marrow egress have been described in the setting of S1pr1 deficiency 36 , we evaluated the proportion of neutrophils in the bone marrow and spleen, to evaluate whether cells might be abnormally retained in these tissues, and the expression of specific adhesion molecules involved in leukocyte trafficking. No significant differences in neutrophil proportion or absolute counts were observed in the bone marrow or spleen for mice from the two genotype groups (Supplementary Figs. 3-6 and Supplementary  Table 14 ). CD49d and CXCR4 were not differentially expressed on bone marrow neutrophils (P > 0.05), whereas the expression of CD62L, or l-selectin, measured on circulating neutrophils, was reduced by approximately twofold in S1pr4 −/− mice (P = 0.003) across both groups of mice studied. Because lower l-selectin levels may reflect shedding upon activation and cell extravasation into tissues, we evaluated tissue neutrophil numbers in the liver and lung of S1pr4 −/− and wild-type mice. Neutrophil numbers were lower in both tissues in S1pr4 −/− mice, with a 29.2% reduction in liver (P = 0.12) and a 40.2% reduction in lung (P = 0.02) (Supplementary Fig. 7) .
To further assess the impact of disrupted s1pr4 expression in vivo, we conducted parallel experiments in zebrafish, in which gene expression may be readily manipulated using morpholino oligonucleotide (MO) antisense technology to specifically knock down the expression of target genes 37 . In the comparison of embryos injected with ATGMOs designed against two independent sequences (Supplementary Note) in the single exon of s1pr4 (n = 14 and 19) to non-specific MO (n = 22), we confirmed a 36.6% and 34.3% decrease in neutrophil count in the two batches of whole embryos at 2 days post-fertilization (d.p.f.) (P = 3.8 × 10 −6 and P = 4.4 × 10 −7 , respectively) ( Fig. 4  and Supplementary Table 15) .
Finally, to assess neutrophil behavior in response to injury, a cutaneous wound was made on the ventral side of the tail fin of b c Figure 4 Reduction in neutrophil counts in zebrafish embryos with decreased s1pr4 expression by morpholino-mediated knockdown with two independent morpholino oligonucleotides. Representative images of mpx:gfp transgenic zebrafish, in which neutrophils are marked by the transgene, are shown, demonstrating decreases in neutrophil number in s1pr4 morphants at 2 d.p.f. (a-c) The top set of panels are composite images from differential interference contrast (DIC) microscopy, the middle panels are images obtained using fluorescence imaging (green channel) of neutrophils marked by the transgene, and the bottom panels are black-and-white images of the fluorescent signal for the same embryo at 2 d.p.f. after injection with non-specific MO (a), 2 ng/embryo s1pr4 MO 1 (b), or 2 ng/embryo s1pr4 MO 2 (c). Scale bar, 300 µm. (d) Distribution of the average numbers of neutrophils across embryos injected with s1pr4 MO 1 (n = 14), s1pr4 MO 2 (n = 19), and non-specific MO (n = 22). Student's t test, ****P < 0.0001.
A r t i c l e s the embryos at 2 d.p.f. after treatment with s1pr4 MO 1 in comparison to uninjected controls, and the numbers of neutrophils around the wound area at intervals up to 5 h after injury were counted to quantify neutrophil recruitment and resolution in response to the injury. The overall number of neutrophils recruited to the wound was higher and recruitment took place faster in embryos treated with s1pr4 MO; however, after initial recruitment, a trend toward a higher reverse migration rate and fewer cells retained at the site of injury was seen in the s1pr4 morphants (Supplementary Table 16 ), suggesting that the time course of neutrophil response to injury and resolution of inflammation may be altered in the setting of decreased s1pr4 expression (Fig. 5) .
DISCUSSION
Using a custom genotyping array with focused coverage of missense and loss-of-function variants in exonic regions, we conducted an analysis of erythrocyte and leukocyte traits in as many as 52,531 individuals of European, African and Hispanic ancestry. We identified and replicated nine new genetic loci associated with betweenindividual differences in blood cell traits and have extended the role of several common variants previously associated with nonhematologic traits to erythrocyte or WBC phenotypes. Among these new findings, we identified an association between a rare missense variant in S1PR4 and WBC and neutrophil counts, and we confirmed a role for this gene in two model organisms. Our findings highlight the importance of genes involved in erythrocyte membrane composition and leukocyte trafficking in the regulation of peripheral erythrocyte and WBC phenotypes.
The rare missense variant in S1PR4 (p.Arg365Leu/rs3746072; MAF meta = 0.006) was robustly associated with total WBC count and neutrophil count. S1PR4 belongs to a family of G-protein-coupled protein receptors for spingosine-1-phosphate (S1P), a lysophospholipid that functions as an extracellular signaling molecule with diverse biological functions, including leukocyte trafficking 38 . Another S1P receptor subtype, S1PR1, has an important role in regulating immune cell function and lymphocyte trafficking by regulating egress of lymphocytes from the bone marrow and lymphoid tissues [39] [40] [41] ; however, much less is known about the function of S1PR4. The S1PR 4 receptor is expressed on hematopoietic and lymphoid cells and has been implicated in terminal megakaryocyte differentiation to platelets 42 and in the regulation of dendritic cell function and T helper type 17 (T H 17) cell 43 and plasmacytoid dendritic cell 44 differentiation. S1PR4 is highly expressed in neutrophils and lymphocytes. In the setting of combined Sgpl1 (S1P lyase) and S1pr4 deletion in mice, neutrophilia and inflammation are decreased in comparison to S1P lyase deficiency alone. This suggests that S1pr4 may mediate the higher neutrophil count that accompanies highly elevated S1P levels in mice with S1P lyase deficiency 35, 45 .
Here we confirm in two in vivo vertebrate model systems (mouse and zebrafish) that loss of S1pr4 function leads to lower basal numbers (and proportion) of circulating neutrophils, consistent with the association observed in human carriers of the p.Arg365Leu variant.
The mild reduction in neutrophil count suggests a hypothesis of abnormal neutrophil trafficking, rather than a critical role for S1pr4 in neutrophil development. Bone marrow egress of leukocytes is known to be impaired in the setting of S1pr1 deficiency in mice [39] [40] [41] . We therefore examined the expression of previously defined key adhesion molecules for leukocyte migration in response to S1P signaling in the bone marrow neutrophils of S1pr4-null mice, including CD49d, which is abnormally expressed in S1pr1-and S1P lyasedeficient states 36 , and CXCR4, which interacts with the cytokine peptide SDF-1 required for cellular bone marrow egress 46, 47 . We did not find any alterations in the levels of these adhesion molecules and did not observe accumulation of neutrophils in the bone marrow or spleen, corroborating a lack of effect for S1pr4 on egress of neutrophils. Because neutrophil recruitment to injured or infected tissue is a key process, we evaluated the neutrophil cell surface expression of CD62L, which mediates interactions between neutrophils and endothelium and is required for leukocyte trafficking across the endothelial border 48 . Neutrophil expression of CD62L was reduced by approximately twofold in S1pr4-null mice. Because CD62L is shed from the surface of neutrophils upon activation and mediates leukocyte extravasation into tissues, we examined whether tissue neutrophil counts were elevated in S1pr4-null mice, thereby accounting for lower circulating neutrophil counts. However, tissue neutrophil numbers were not increased in S1pr4-null mice in comparison to wildtype mice; rather, they were similarly decreased as in the blood.
In zebrafish s1pr4 morphants, neutrophil accumulation and resolution at the site of a cutaneous wound occurred earlier than in controls, suggesting impaired cellular inflammation in response to tissue injury in the absence of s1pr4. Further experiments to delineate neutrophilendothelial cell interactions will be needed to further delineate the precise mechanisms by which S1PR4 influences circulating neutrophil counts. Together, our observations support the role of S1PR4 in the regulation of neutrophil counts and potentially clinically relevant impairment in response to injury or infection. npg Blood monocyte counts are altered in the setting of chronic inflammatory disease and various infections, both viral and non-viral. NLRP12 attenuates inflammation by suppressing nuclear factor (NF)-κB signaling in activated monocytes 49 . Loss-of-function mutations in NLRP12 have been identified in families with hereditary periodic fever syndromes 50 . The missense variant reported here, p.Gly39Val, was not reported in these families and is not present in the ClinVar database 51 . In humans and mice, NLRP12 is highly expressed in bone marrow and macrophages from Nlrp12-deficient mice exhibit decreased chemotaxis in response to chemokines in vitro, together suggesting that NLRP12 is important for leukocyte cell trafficking 52 . IL17RA encodes a proinflammatory cytokine with a role in hematopoietic cell maturation, and vascular IL-17RA supports monocyte adherence 53, 54 . Mutations in IL17RA are associated with familial candidiasis 55 .
Eosinophil counts are altered in parasitic infection and in allergic and autoimmune diseases such as asthma and inflammatory bowel disease. The IL33 variant rs1342326 has previously been associated with asthma 29 , and IL-33 activates eosinophils 56 . The IRF1 variant rs12521868, which we show to be associated with IRF1 expression, has previously been associated with Crohn's disease 57 . IRF1 is also near IL5, a known regulator of eosinophil production previously associated with eosinophil count 58 .
We observed new erythrocyte trait associations for common noncoding SNPs representing two genomic regions previously associated with kidney function 19, 59 , near SHROOM3 and near CEP89. For both loci, the allele associated with lower Hb and Hct was associated with higher eGFR 17 , suggesting that these erythrocyte trait associations are not mediated through an effect from renal dysfunction and related decreases in erythropoietin production. The SHROOM3 locus has additionally been associated with serum magnesium levels 18 . The effects of these two loci on erythrocyte, renal, and electrolyte traits may instead be mediated by cytoskeleton-dependent solute or ion channels shared by kidney epithelium and erythrocyte membranes, as has been demonstrated for other loci such as PIEZO1, another GWAS-identified locus for erythrocyte traits. PIEZO1 encodes an RBC membrane mechanosensitive cation channel that appears to require actin cytoskeleton reorganization for activation 60, 61 and senses mechanical forces associated with fluid flow and/or circumferential stretch in epithelial cells at the basolateral side of renal proximal convoluted tubules [62] [63] [64] . Dominant missense mutations in PIEZO1 have been reported in patients with hereditary xerocytosis 65 , a congenital hemolytic anemia characterized by dehydrated, shrunken erythrocytes and the presence of stomatocytes due to increased potassium permeability. By analogy, SHROOM3 encodes an actin-binding protein involved in epithelial shape regulation, modulating ion channel activity through myosin II-dependent cytoskeletal reorganization in the kidney 66 . Its role in erythrocyte function has yet to be tested experimentally. CEP89 is a ubiquitously expressed and highly conserved gene for which biological function is not well known. CEP89 is flanked by SLC7A9, which encodes a kidney solute transporter. Mutations in SLC7A9 result in congenital cystinuria 67 . Our eQTL analyses showed a significant association of the index SNP associated with Hb and Hct with SLC7A9 transcript levels in multiple tissue types and most strongly in whole blood, supporting a possible hematologic function for SLC7A9.
FADS1 and FADS2 encode the two rate-limiting desaturases in the conversion of dietary essential medium-chain PUFAs (for example, α-linoleic acid (ALA)) into long-chain PUFAs (arachadonic acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)).
The rs1535[G] minor allele of the FADS2 intronic variant is associated with higher levels of ALA and lower levels of EPA and DHA, as well as cholesterol levels 68 . This suggests less efficient conversion due to decreased FADS activity 21 . Here we report that the same FADS2 allele is associated with higher RBC count, Hb, and Hct. rs1535 is in strong LD with other common SNPs in the FADS1-FADS2 region on chromosome 11q12.2, including several eQTL SNPs for FADS1. Our eQTL analysis of this region showed strong associations of these SNPs with FADS1, FADS2, and FADS3 expression levels. Long-chain PUFAs are incorporated into erythrocyte membrane glycerolipids, affecting erythrocyte membrane fluidity, permeability, and sensitivity to oxidative damage and subsequent hemolysis 69 . Nonetheless, the association of rs1535 with higher RBC count suggests additional mechanisms. In this regard, rs1535 is also located ~100 kb from FTH1, which encodes the heavy subunit of ferritin, the major intracellular iron storage protein that is expressed in both mature erythrocytes and early erythroid precursors.
Pleiotropy (more than one trait associated with the same locus) was observed for erythrocyte associations at the CEP89, FADS1, and HFE loci, and we extended the association of the well-characterized common HBSL1-MYB regulatory variant, previously associated with erythrocyte and platelet traits, to WBC count. MYB encodes c-Myb, a transcription factor and proto-oncoprotein expressed in immature hematopoietic cells and leukemic cells that has an essential role in the regulation of normal hematopoiesis and leukemogenesis 70 . In addition, we confirmed the previously reported association of the chromosome 12q24 SH2B3 region with erythrocyte and WBC traits; this locus has been associated with multiple cardiovascular and inflammatory traits and diseases 9, [71] [72] [73] .
Our results add to recent observations that rare coding variants contribute to phenotypic differences in complex blood cell traits among community-dwelling individuals unselected for hematologic disorders. Experimental testing of loss of S1pr4 function in vivo, performed to follow up a rare missense variant association in S1PR4 in our study, identified new biological effects on neutrophil count and function. Common variants originally associated with a single blood cell trait through GWAS, such as variants in the SH2B3 region, have subsequently been associated with traits related to all three blood cell lineages 10, 74 , as well as non-hematologic traits 73, 75, 76 , and these pleiotropic effects will be useful to discern patterns suggesting specific biological hypotheses for further testing of mechanisms.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. Summary data for all analyses have been deposited in the database of Genotypes and Phenotypes (dbGaP) under CHARGE (Cohorts for Heart and Aging Research in Genomic Epidemiology) Consortium Summary Results from Genomic Studies. The dbGaP study accession is phs000930.
Zebrafish experiments. Zebrafish ortholog s1pr4 was identified by sequence homology searches and gene synteny analysis, and MO design also incorporated information about gene structure and translational initiation sites (GeneTool). Two separate MOs were designed against s1pr4, which is a single-exon gene, in the ATG region to inhibit its mRNA translation (Supplementary Table 15 ). MOs were injected at multiple doses into one-cell-stage embryos of the mpx:gfp zebrafish line to find the optimal dose, 2 ng/embryo, and GFPexpressing cells were imaged under a spinning-disk confocal microscope (20× objective on an inverted Nikon Eclipse Ti microscope equipped with a Yokogawa spinning-disk confocal scan head and Andor iXon EM-CCD cameras) and counted at 2 d.p.f. Experiments were conducted in >10 embryos for each of the control and morphant constructs. Day 2 cutaneous injury was created 2 d after MO injection by nicking the tail fin, and the number of GFP + cells at the site of the cutaneous wound was determined at 30 min and 1, 2, 3, 4, 5, 6, and 8 h after injury. Student's t test was used to compare the neutrophil numbers at the cutaneous wound for the control and morphant constructs at each time point. Experiments were carried out in replicates of at least ten embryos by a technician, and analysis was checked by a postdoctoral fellow blinded to MO injection status.
